Abstract -An analysis and experiniental verification of a liybridge current-driven zero-current-switching rectifier are given. In the hybridgc rectifier, the diodes turn on at zero dilcft, low dv/df, and turns off at low dz/dt. Therefore, the liybridge rectifier is suitablc for high-frequency high-eficiency applications. The current source driving tlie rectifier can be constituted by a class D or a class E inverter.
Since these inverters operate with nearly zero switcliiiig losses, high power-density dc-dc converters can be assembled by using resonant inverters and Iiybridge rectifiers. A dc-dc converter based on a class D series resonant inverter and a liybridge rectifier was designed and tested for a constant output voltage V, = 12 V and an output current I , from no-loud to 12 A. 'Che convci-tcr was operated at a dc iiiput voltage ranging froin 200 to 380 V aud a miuinium Crcqucncy oC f = 600 Hb. The theoretical results and nieasurcd perli~nnanccs were in good agreement. A maximum converter efficiency as liigli as 90% has been achieved for the dc-dc converter operated at full load.
I. WPITRODUCT~ON
I ligli-frequency rcctilicrs are needed to build liigli power-density dc-to-dc converters. Bridge rectifiers provide a full-wave rectification arid require a simple transfomier with only one secondary winding. However, two diodes are simullaiicously ON during cach half-period. Tliis results in high power losses at a high output current operation. Moreovcr, voltage drops across tlie diodes make the Cull-bridge rectifier unsuitablc for low output voltage applications. Rectifier losses can be reduced using the well-known center-tapped rectifier. However, tlie transfonner in this circuit have two secondary windings which arc not clGcicntly used because tlie current flows in cach sccondary winding only for one-half of the switching pcriod. In the hybridge rectifier, a transfonner with only one sccoudary winding is used [ 11-[7] . Moreover, the nns value of the secoiidary side ac-current is lialf of that circulating in thc ccnter-tapped rectifier. The limitation of this rectificr circuit is that high-switching losses and liigli noise level are produced at frequciicies above 500 HIz if it is operated with a pLilse-widtli-mod~ilated (PWM) voltage or current source at the primary side. lhus, solt-switching operation is highly desirable to achieve an liigli-frequcixy high-eficicncy Cull-wave rectification. Tliis is achieved if tlie hybridge rectifier is driven by a sinusoidal current source. Actually the cui-rcnl source cau be realized by using a class E or a class D series resonant inverter [7] -[ 151. Switching losses are nearly 0-7803-2750-0/95/$4.00 1995 IEEE zero in tliesc inverters, and, therefore, they can be operated at high fi-equency with an high efficiency. As a result, high power-density dc-dc converters can be assenibled by using resonant inverters and liybrigde rectiliers. 'The purpose of this paper is to prcsent design cquations and experimental results for a hybridge current-driven zero-current-switching (ZCS) low di/dt rectifier. This rectifier preserves major advantages of coiiveiitioiial bridge md center-tapped rcctiliers and ovcrconics many limitations of these circuits. As in full-wave full-bridge and center-tapped rectifiers, the filter capacitors are small because they are operated at a frequency which is twice that of tlie input source. Conduction losscs in the diodes arc reduced because the average currciil tlirougli each diode is one-half of the output dc current as in center-tappcd rectiliers. However, each inductor of the liybridge rectilier carries one-half of the dc output current wliilc the ciitirc output current flows through the output inductor in the ccuter-tappcd rcctifier. As a rcsult, conduction losses are lower in tlic hybridge rectifiers. 'The liybridge current-drivcn zero-current-switcliing (ZCS) low di/dt rcctilier overconies also the limits of its PWM counterpart because tlic diode current and voltage waveforms do not overlap at diode transitions. Moreover, the diodes turn on at zero voltage and zero current with zero dz/dt and limited dv/df and tyrii off with a liiiiilcd d i M . As a rcsult, tlic switching losses and noise level arc drastically reduced in the hybridge current-driven zero-current-switcliiiig (ZCS) low di/df rcctilier. Therefore, this rectifier can be operalcd at higher frequencies than a PWM hybridge rectifier, resulting in a lower volume and weight. This allows for operations at low output voltage ripple also wlicn sinall capacitances and inductances are used.
I lie hybridge current-driven zero-ciirreiit-switcliiiig (ZCS) low di/dt rectifier circuit was used in combination with a class D series resonant inverter used as a current source. A 144 W dc-dc converter was assembled and operated as a voltage regulator at a dc voltage ranging from 200 to 380 V dc, an output voltage V, = 12 V regulated over the entire line voltage range and from no-load lo a full load I , =12 A. The dc-to& convertcr was frequency-controlled in tlie 650-to-950 kIb range. A niaxinium dc-to-dc converter efliciency 11 above 90% was achieved at full load. A. Operatioti 
RECTIFIER DESIGN EQUATIONS
The equations for the rectifier design arc dcrivcd under the followiiig assumptions: I ) Diodes are modelled as ideal switches.
2) The traisf'oonncr is ideal, the tunis ratio is 11, and the tratisforiner leakage inductances are neglected.
3) The output voltage is cqual to Vc,, and is assuined to have a zero ripple.
4) The rectifier circuit is syiiuiictric. lherel'orc, we have liesults of tlie analysis are valid for both tlic opeyatioii at O<L)IO.5aiid0.5<L)< I .
Since a syiiunelrical operatioii of the rectifier is assruncd, 
The load resistance I<, normalized with respect to tlie rcactance WL = col, = wL, as a function o f the on-diode duty cycle is 
The iiiaximuni reverse diode voltage across cach diodc iionnalized with respect lo V, is .. I he inaxiinuin current tlwougli each diode is expressed as (7) and is plotted as a function of R, / WL in Fig. 8 . aud is plotted in Fig. 9 as il function of the nonnaliml load resistance.
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The input resistance of the rectifier iionnalizcd with respect to the load resistance R, is given by
and is plotted in Fig. 10 as a function of tlie iionnalizcd load resistance R,IwL. 
Iv DI!!SIGN h A M 1~1 , l S
A dc-dc converter was built aiid tested to achieve tlie following design specifications: Ilie minilnuin load resistance is = Vo/fqN= 1 Q.
Assuining a diodc duty cycle D = 0.5, thc nonnalizcd load resistance resulting from tlie plot of Fig. 5 is R,IwL = 1.57. ' Therefore, the current flows tluough the MOSFET parasitic diode which claiiips the drain-to-source voltage at a low value, e.g., 0.5 V. This allows for a nearly zero-loss tuni-on of tlie inverter MOSFETs. 1 lie tratisfonner priniary sic!,e current wavefonn shown in Fig. 13 is ncarly sinusoidal. 'I'liis denioiislrates that the class 1) scries rcsonaiit iiiverter is operaled as a sinusoidal current source also at low loaded quality factors. The waveforms of the voltagc IJ,, across the teniiiiials of the traiisfoniier primary winding aiid lhc current tluougli MOSFET Mz are shown in Fig. 14. The parasilic oscillation of the experimaital waveforin v was caused by the transformer leakage inductancc which resonates with the diode parasitic capacilaiices. 'l'lie wavcfonns of tlie output voltage ripple voac and tlie ac coinpoiieiit of current iLlac tlirougli iiiductor L, are shown in Fig. 15 . Currcnt iLlac was observed with a passive current probe was ncarl y the same as tlie llieoretically predicted current sliined downwards by the inductor dc coinponelit = 1J2 = 6 A. Since the mcasured maximum ac current was il,Iuc = 8 A, the inductor maximum currents tluougli the inductors were IN = 14 A. A plot of the dc-to-dc converter eKicieiicy versus the ac input voltage iiieasurcd at an output current I, = 12.5 A and an output vollagc V, = 12 V is depicted in Fig. 15(a) . The ell'icieiicy was higher than 84% over the entire voltage range and rcaclicd a niaxiiiiuiii of 88.5%. A plot of the ineasured clliciciicy as a fullclion of I, at a dc input vollage V, = 3 10 V and an output voltage V, = 12 V is shown in Fig. 15 (b) . h i efficiency 11 = 90 O/o was at full load. and the efficiency was Iiighcr than 80% for a dc output current varying from 2.3 A to 12 A, which corrcspoiids lo a load in the 30% lo 100Y0 range. 
P IV. CONCLUSIONS
A circuit of a hybridge zero di/dt low dv/dt rectifier has been introduced. The equatioris describing tlie circuit operation been presented aiid verified experimentally. This rectifier preserves major advantages of conventional bridge aiid center-tappcd rectifiers aiid overcolnes inany liiiiitatioiis of tliese circuits. Conduction losses are reduced because the average current tluougli each diode aiid inductor is one-half of tlie output dc current as in center-tapped rectifiers.
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. -. . . A full-wave rectification is achieved with two diodes aiid a transfoniier with only one secondary winding. The diode current and voltage waveroniis do not overlap at diode transitions and the diodes turn on at zero voltage and zero current with zero di/dt and limited dv/dt and turn off with a lirnitcd di/dt. As a result, switching losses and noise level are drastically reduced in the current-driven circuit. The feasible high-frequency operation of tlie hybridge rectifier is possible allows [or sinall capacitances and inductances l o be used. Finally, the current-driven hybridge ZCS low di/dt full-wave rectifier is compatible with high-frequency inverters as class 1) and class U series resonant inverters in assciiibling dc-dc converters. A possible limitation of the curren-driven hybridge rectifier is tlie high number of wound components. This does iiot significantly affect tlie overall volunie and weiglit of the rectifier but contributes to tlie cost increase of the rectifier. However, if the two inductors are iiitegrated onto onc core this probleiii is overconie and tlic overall size of the integrated inductors is lower than in a center-tapped currcntdrivcn rectifier. ThcreTore, as a fiiture work, it is recommended to evaluate tlie feasibility of a hybridge rectifier with tlie two inductor and the transfornier integrated onto only one core. Moreover, tlic use of power MOSlT'l's with low-on-resistance could improve the rcctilicr elliciency.
